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FOREWORD

This report covers work done by the Fire Protection Branch of the Air

Force Aero Propulsion Laboratory during the period 1 April 1970 to 3 Jtme

1970 and was submitted by the authors 13 Novermber 1970. This research was

performed under Project 3048, Task 304807 "Aerospace Vehicle Hazard Pro-

tection," Work Unit 304807032.

This technical report has been reviewed and is approved.

BENITO P. BOTTERI
Chief, Fire Protection Branch
Fuels and Lubrication Division
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ABSTRACT

Tests were conducted to determine the influence of sloshing fuel within an

aircraft fuel tank upon the effectiveness of nitrogen inerting. These tests were

performed in a closed combustion chamber partially filled with JP-8 fuel. The

fuel was severely agitated by a rocking motion of the chamber. The flammability

of the tank ullage at various concentratins of air, nitrogen, and fuel vapor was

tested by exposure to an electric arc. The sloshing fuel did not alter the maxi-

mum concentration of oxygen that could be allowed for inerting of all fuel vapor

concentrations. For JP-8 fuel vapor exposed to an electric arc this maximum

allowable oxygen concentration was found to be 12% by volume. Slosh did extend

the flammable region for oxygen concentrations greater than the maximum al-

lowable for inerting. Thepc conclusions, it is believed, are valid for any mode

or level of fuel agitation that may be experienced by aircraft fuel tanks.
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SECTION I

INTRODUCTION

The USAF is presently considering nitrogen gas as an inertant for use in

aircraft fuel tank ullages. Previous testing to determine the effectiveness of N2

in this application has been performed under static test conditions, i. e., no

liquid fuel agitation within the test vessel (References 1, 2). Recent fuel flam-

mability tests by the Air Force (Reference 3) and the Navy (Reference 4) have

shown that the lean flammability temperature limits of jet fuel3 are lowered

by liquid agitation within the fuel tank. The shifting of flammable temperature

limits by fuel agitation suggested the possibility that fuel agitation may affect

the inerting capability oi N2 . In order to assess more completely the -'fectivr-

ness of Nz inerting, the Fire Protection Branch of the Air Force Aero Pro-

plusion Laboratory conducted an experimetal program designed to study

whether fuel slosh had any effect upon the inerting capability of N2 .

SECTION II

SUMMARY

Tests were conducted to determn the influence of sloshing fuel within an

aircraft fuel tank upon the nerting effectiveness of N These tests were per-

formed in a closed combustion chamber partially filled with JP-8 fuel. The

fuel was severely Pgitated by rocking the chamber. The flammability of the

chamber uliage at various concentrations of air, nitrogen, and fuel vapor was

tested by exposure to an electric arc.

It was determined that the sloshing fuel did not alter the maximum concen-

tration of oxygen that could be allowed for inertng all fuel vapor concept-rations.

For JP-8 fuel vapor exposed to an electric arc the maximum allowable oxygen

concentration was found to be 12% by volume. Slosh did extend the flammable

region for oxygen concentrations above the maximum allowable for inerting.

These conclusions, It is believed, are valid for any mode of fuel agitation ex-

perienced by aircraft fuel tanks.
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SECTION III

TECHNICAL DISCUSSION

1. GENERAL APPROACH

A sealed combustion chamber was filled with approximately 10 gallons

(12. 5% volume) of jet fuel. The desired air-nitrogen ullage atmosphere was

provided within the test vessel and the system heated to the desired tempera-

ture. The amount of fuel vapor in th ullage was determined by the fuel vapor

pressure and assumed to be at the equilibrium value. An ignition source (elec-

tric arc) was formed within the uLige and the pressure of any ensuing reaction

was measured. Comparison ignition tests were run between static and sloshing

conditions. The sloshing condition used in the tests was the one at which max-

imum fuel agitation occurred.

2. TEST APPARATUS AND Sh fUP

The test vessel (Figure 1) used for these experiments has approximately

an 80-gallon capacity, is constructed of stainless steel and is cylindrical in shape;

it has a 20-inch outer diameter and is 60 inches in length. Its walls are 3/8 inch

thick to withstand a 300 PSIA internal pressure at room temperature. An 8-inch

viewing port is located at either end and a pressure i elief burst disk is built

into the top of the cylindrical wall. This disk, however, was converted into a

view port :or these experiments. One end of the tank is a rapid opening door.

This test chamber is mounted on a slosh-vibration table located in the Aero

Propulsion Laboratory at Wright-Patterson Air Force Base. Vibration displace-

ment ib perpendicular to the surface of the table. Slosh is caused by a rocking

motion of the table surface about and axis located in the table surface. The

test chamber's cy.indrical axis is parallel to the table surface and perpendicu-

lar to the sLoshing axis, Pnd centered above it. The table can vibrate at fre-

quencies between 400 and 3200 cpm and double amplitudes up to 0. 050 inch. It

can slosh at fre-quencies between 10 and 20 cpm and double amplitudes between

16 and 30 degrees. The slosh amplitude not readily adjustabl , was set at 30

degrees. Slosh and vibration frequencies and amplitudes can be varied inde-

pendently.

2
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Fuel is heated by means of a steam heat exchanger and cooled by storage

in, a specially adapted commercial food freezer (I igure 2). Air entering the

test chamber passed first through a chemical air dryer (Figure 3). Evacuation

was accomplished by oil vacuum pumps.

The test chamber is instrumented with two copper-constantan thermo-

couples: one mounted in the ullage and one submerged in the fuel. Thermo-

couple outputs were recorded by a strip chart recorder (Brown "Electronik").

Pressure was measured by two strain gauge transducers mounted in the ullage

(CEC 4-326-003, 0 to 75 PSIA; CEC 4-311, 0 to 200 PSIA). An uncalibrated

photodiode was also mounted in the chamber so that it viewed the vicinity of the

ignition source. The pressure transducers and photodiode outputs were re-

corded on a light beam oscillograph (CEC model 5-124). Also recorded on the

oscillograph was the output of an urcalibrated accelerometer which sensed the

rocking motion of the table.

The ignition source (Figure 4) consisted of two 1/16 inch stainless steel

rods mounted 1/4 inch apart and nearly parallel, and vertically from the top

c3nter of the test chamber. A standard furnace type fuel oil ignition transformer

rated at 12, 000 volts AC and 250-volt-amperes was used to apply voltage to the

rods. These rods mounted in the chamber through ceramic insulators, dipped

12 inches into the ullage. The bottom ends of the rods were mounted closer

together than the top ends so that when the high voltage was applied an arc

formed at the bottom ends. The convective air currents formed by the hot arc

carried the arc up the rods to a point at which the separation was too great to

sustain it. Here the arc was broken and a new one formed at the bottom.

3. PROCEDURE

Testing procedures are summarized as follows:

1. Evacuate tank to less than 1 PSIA.

2. Pressurize tank to atmospheric pressure using dry air.

3. Add fuel to tank aMd heat.

4. Evacuate tank to 5 PSIA.

5. Pressurize tank to atmospheric pressure using dry air.

4
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,o-- ROD S

CERAM IC
INSULATORS

ARC BROKEN-0.
HERE

ARC FORMED-,,
HERE

LIQUID FUEL

Figure 4. Electric Arc Ignition Source
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6. Evacuate tank to 5 PSIA.

7. Pressurize tank using dry air to a value desired from Table 1.

8. Pressurize tank with N2 to value desired from Table 1.

9. Exhaust excess pressure to atmosphere.

10. Slosh for 5 minutes.

11. Continue sloshing and attempt ignition if a sloshing test is desired.

if static test is desired, turn off slosh and allow table to stop moving

before attempting ignition. Time for table to stop moving is approxi-

mately one minute.

12. Repeat steps 4 through 11 f-?r next test.

13. Conduct two tests per fuel batch if temperature Is greater than 10(F;

four tests if temperature is 100F or below.

TABLE I

MIXING PARTIAL PRESSURES FOR AIR AND NITROGEN

Air Nitrogen Total Pressure
% Oxygen Pressure Pressure Before Exhaust
By Volume (PSIA) (PSIA) (PSIA)

21 14.7 0 14.7

15 27.5 11.0 38.5

14 24.0 12.0 36.0

13 21.3 13.0 34.3

12 20.0 15.0 35.0

II 20.0 18.2 38.2

10 14.7 16.2 30.9

8
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The desired air-nitrogen ullage atmosphere was formed by mixing partial

pressures of air and nitrogen as prescribed by the following equations:

IN2 / -=21/%02 - 1 M K ..... (1)

PA 2: 21 / ft+K) [43/42 + 1/(I + 10J..o(2)

where PA = partial pressure of air,

PN2 = partial pressure of nitrogen, and

%02 = final desired oxygen content.

Equation 1 defines the nitrogen - air ratio needed to obtain the desired

oxygen content and Equation 2 sets the minimum value for the mixing partial

pressure of air in order to obtain accuracy of * 1/2% in oxygen content (with

pressure measurement system accuracy of *1/2 PSI).

4. TEST FUEL

JP-8 fuel was used in all tests. This ruel had a Pensky-Martens Closed Cup

flash point of 118 0F and an average bulk molecular weight of 163. Vapor pres-

sure for this JP-8 fuel is sl-bwn in Figure 5.

5. SELECTION OF SLOSH CONDITIONS

The slosh -r fuel agitation used in these tests was the most severe that

could be developed by the test apparatus. At a frequency of 17. 5 cpm and

double amplitude of 30 degrees, the bulk of the fuel splashed against alternate

ends of the vessel in resonance with the rocking motion of the tank.

9
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SECTION IV

TEST RESULTS

A total of 68 ignition tests were conducted. Initial conditions and resulting

combustion pressure rises are given in Table 2.

Figure 6 shows the results plotted as either fire or no fire as a function of

the initial oxygen and fuel vapor concentrations. Only one ignition took place for

an oxygen concentration below 13%. This unique ignition occurred at 12% oxygen

and simultaneous sloshing. It resulted in a pressure rise of only one PSI. Several

other ignition tests were conducted at or very near this same fuel vapor-oxygen

condition for both the sloshing and static cases with no resulting reaction. There-

fore, 12% oxygen is the min&aiium oxygen concentration for flammability of JP-8

fuel vapors. Since ignition at 12% oxygen could not be made to occur again even

for the sloshing case, the authors do not believe that this single fire point repre-

sents a real difference in the minimum oxygen concentration for flammability

between the static and the sloshing conditions.

A difference does occur in the flammability envelopes between the static

and the sloshing conditions. At 15% oxygen, nearly 1. 25% fuel vapor was re-

quired for flammability under static conditions, while only 0.5% fuel vapor was

needcd under sloshing conditions. This extension of the flammability envelope

untdr sloshing conditions is illutrated in Figure 7. The dashed lines in the

figure represent the extrapolation of the envelopes to include the flammable

limits at 21% oxygen as determined in previous AFAPL work (Reference 3).

The extension of the flammability envelope by sloshing fuel is not unexpected.

The sloshing causes a spray of fuel droplets throughout portions of the ullage.

These fuel droplets will burn in addition to the fuel vapors. Although droplets

have different flammable characteristics from vapore, the addition of droplets

to vapors can be viewed, for the purpose of gaining qualitative insight only, as

an addition to the amount of fuel vapor. Thus the sloshing fuel tank with only a

15% oxygen concentration and a 0. 5% fuel vapor concentration is still flammable

because enough fuel droplets are scattered througbout the ullage to cause the

ullage to behave as if it had a 1.26% fuel vapor concentration.

11
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The amount of extension to the flammability envelope by sloshing decreases

rapidly with decreasing oxygen concentration as shown in Figures 8 and 9. For

21% oxygen there is no lower flammability temperature limit (Reference 3). For

15% oxygen there is approximately 300F lowering of the lean limit. At 13% oxy-

gen there is essentially no extension to the limit.

Figures 8 and 9 also illustrate the effect of lowering the oxygen concentra-

tion to the maximum pressure rise. For 21, 15, 14, and 13% oxygen the maxi-

mum pressure rises (final pressure minus initial pressure) are 82, 65, 58,

and 52 PSI, respectively. As would be expected, these decreases in maximum

pressure rises are approximately proportional to the decreases in oxygen con-

tent. Thus in going from 21% to 13% oxygen, a decrease of 37% in oxygen con-

tent, the maximum pressure fell from 82 PSI to 52 PSI, a decrease of 38% in

maximum pressure.

1
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

The technical objective of this effort, the determination and measurement

of the influence of severe agitation of liquid fuel upon the ffectiveness of nitro-

gen inerting, has been successfully completed. Conclusions are summarized as

follows:

1. Sloshing of the fuel does not change the maximum allowable percentage

of oxygen for total inerting with nitrogen, i. e., miaximum allowable concentra-

tion of oxygen for inerting of all fuel vapor concentrations.

2. The maximum allowable percentage of oxygen for the total inerting with

nitrogen of JP-8 fuel vapors is 12% by volume.

3. Except for conditions very near the flammable limit, reaction-pressure

rises will not be significantly affected by reduced oxygen concentration in any

way other than to limit the amount of oxygen available for combustion.

Although only one mode and one level of fuel agitation (slosh at 17. 5 cpm)

was used in this testing, the authors feel that the only effect of using different

modes or levels of agitation would be to chan. the magnitude of the extension

to the flammability envelope by creating more or less fuel droplets; but not

chnge the minimum flammable oxygen concentration.

2. RECOMMENDATIONS

Fuel slosh did not change the maximum allowable oxygen concentration for

total nitrogen inerting. Therefore no special concern for the effect of fuel slosh

is required in the application of a nitrogen inerting system for aircraft which

maintains the oxygen content below this maximum limit.

Because fuel slosh did extend the flammability envelope for fuel vapor con-

centrations on the fuel lean side of the stoichiometric condition, it would be

very precariuus to apply nitrogen inerting at an oxygen concentration higher

than the maximum allowable for inerting of all fuel vapor concentrations.

21
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It is therefore recommended if nitrogen inerting is utilized for fuel tank

protection, that the oxygen concentration be maintained below the maximum

allowable for total inerting of all fuel vapor concentrations.

Several areas in the aircraft fuel tank inerting field require further investi-

gation. Briefly these areas are:

(1) Influence of the Ignition Source Upon the Maximum Allowable Oxygen

Concentration

The ignition source used in this program was an electric arc. Higher

energy, more dispersed ignition sources such as gunfire incendiary ignition

would lower the maximum allowable oxygen concentration. Stewart and Stark-

man (Reference 1) found the maximum ailowabie oxygen concentration under

gunfire conditions to be close to 10% by volume for JP-4 and JP-5 type fuels.

(2) Influence of Dissolved Gases in the Fuel

Liquid fuels contain varying amounts of dissolved oxygen, nitrogen,

and carbon dioxide which could be released into the fuel tank ullage upon certain

temperature and altitude changes. These evolved gases could alter the safety

provided by an inerting system during actual aircraft flight.

(3) Effectiveness of Other Inerting Gases

Although nitrogen appears the most attractive as the inertant gas,

other gases such as carbon dioxide and carbon monoxide also have shown

potential. A combination of several gases may also be useful.

(4) Influence of Fuel Type

The maximum allowable oxygen concentration for inerting should be

determined as a function of fuel characteristics.

22
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